Electrical and optical properties of Nichia double-heterostructure blue light-emitting diodes, with In 0.06 Ga 0.94 N:Zn, Si active layer, are investigated over a wide temperature range from 10 to 300 K. Current-voltage characteristics have complex character and suggest the involvement of various tunneling mechanisms. At small voltages ͑and currents͒, the peak wavelength of the optical emission shifts with the applied bias across a large spectral range from 539 nm ͑2.3 eV͒ up to 443 nm ͑2.8 eV͒. Light emission takes place even at the lowest temperatures, indicating that a complete carrier freeze-out does not occur.
very attractive for fabrication of light-emitting diodes ͑LEDs͒ and lasers operating in the visible and UV. In addition, group-III nitride-based electronic devices are being developed for various specialized applications, most notably for cold cathodes and high-temperature electronics. As of today, LEDs are the most mature amongst the nitride-based electronic/optoelectronic components, having passed the threshold of successful commercialization in 1994. While electrical characterization of the devices 1,2 can provide important information about the current transport through the wide-band-gap p -n heterojunction, layer materials, and metal-semiconductor contacts, so far, these aspects of nitride-based LEDs have received relatively little attention. Recently, Casey et al. 3 reported their study of optical and electrical properties of double-heterostructure ͑DH͒ bluegreen In 0.23 Ga 0.77 N/Al 0.15 Ga 0.85 N LEDS at relatively high driving currents and in a rather narrow temperature range around 300 K. In the present work, we investigate the electrical and optical properties of high-brightness blue DH InGaN/AlGaN/GaN NLPB500 LEDs manufactured by Nichia Chemical Industries 4,5 over a significantly broader range of currents and temperatures.
The active region of NLPB500 LEDs contains a 50-nmthick In 0.06 Ga 0.94 N layer codoped with Zn and Si. The electroluminescence ͑EL͒ in the active region results from efficient recombination of carriers via Zn-related deep levels, 2,4-6 similar to the emission mechanism in GaN:Zn. 7, 8 We tested several devices from two production lots, acquired in March 1994 ͑lot No. S403024͒ and in April 1995 ͑lot No. 4B0001͒. Prior to testing, the diodes were deencapsulated to avoid the risk of epoxy-induced stress at the cryogenic temperatures. dc I -V measurements were performed over a wide temperature range ͑9-300 K͒, using a HP 4140B picoamperometer that enables the measurements of currents as low as 10 pA. For low-temperature measurements, the diode was fixed on a cold finger of either a microrefrigeration device ͑MMR Technologies, model K2001͒ or a closed-circle refrigerator ͑CTI-Cryogenics, model 22͒. Typical I -V curves are shown in Fig. 1 . Contrary to the standard Shockley model of a p -n diode, the slope of I -V characteristics in a semilogarithmic plot almost does not depend on temperature. As reported earlier, 1 the diode ideality factor n is very large ͑ϳ5 at room temperature and over 20 at 80 K͒, which indicates that the main transport mechanism is associated with carrier tunneling rather than thermal diffusion. In the older-generation devices, we can distinguish two different current components: a low voltage ͑0-2.9 V͒ component and a medium voltage ͑2.9-3.6V͒ one. The low voltage component can be approximated by an exponential function
where U is the diode voltage, E 1 is an energy parameter, and I 1 is a preexponential factor. An increase in the I -V curve slope ͑typically, at ϳ10 A͒, observed in older-generation LEDs, indicates a change in the predominant mechanism of the current transport through the junction. The mediumvoltage current component can be identified by subtracting the extrapolated first component from the total current. This gives an exponential function similar to that in Eq. ͑1͒, but with another energy parameter, E 2 ϽE 1 ͑see Table I͒ . Both E 1 and E 2 change very little with temperature.
In the medium voltage range, the I -V curves are influenced by an increasing voltage drop at series resistance R s of the diode, which dominates the behavior of the newergeneration devices. The series resistance, estimated by extrapolating the dU/dI versus 1/I characteristic to 1/I→0, is equal to 10-50 ⍀ at room temperature ͑RT͒ and increases to 400-500 ⍀ at 80 K. At lower temperature, R s becomes even large and current dependent, decreasing with a current increase. This nonlinear behavior may be associated with the reabsorption of the emitted light in the passive regions of the device, or with a field-dependent carrier mobility, possibly enhanced by film inhomogeneity.
The maximum value of low-temperature R s is about 10-50 k⍀. The absence of a total freeze-out of carriers at temperatures as low as 9 K could be understood if semiconductor materials used in the diode were degenerate. This is likely the case of highly doped n-type layers with 10 19 cm Ϫ3 of shallow donors, but rather doubtful at the p side, doped with Mg acceptors having relatively deep levels 9 ͑155-165 meV͒ above the valence band. This surprising observation is, however, consistent with published data of Molnar et al. 10 (n GaN͒ and Yamasaki et al. 11 (p InGaN͒. In both cases, as the sample temperature was reduced, carrier concentration initially decreased and then quickly saturated at the levels usually only two orders of magnitude lower than those at RT. It was concluded in Ref. 10 that a significant fraction of electron transport takes place by hopping in the compensation centers leading to low mobility as compared to normal band carriers. This process becomes dominant at lower temperatures. A similar mechanism can also be responsible for the low temperature conductivity in the p-type AlGaN and GaN, reported here. Lower series resistance of the older-generation devices is probably caused by a higher density of threading defects, as determined by the etch-pit dislocation density ͑ϳ2 times higher than in newergeneration devices͒. These defects can provide a parallel path for current flowing across the highly resistive p-type layers, which is consistent with the degradation mechanism under high-electrical-stress conditions. 12 So far, however, we have not observed any significant difference between these two kinds of diodes during life testing experiments under low-current conditions. 13 On the other hand, the external quantum efficiency in the new generation LEDs ͑ϳ2.5% at 20 mA͒ is somewhat higher compared to the old generation devices ͑1.9% at 20 mA͒.
In order to understand the possible relationship between the current components and light emission, optical experiments were performed using an Acton SpectraPro 0.275 m monochromator equipped with a GaAs ͑R-639͒ photomultiplier. Low-temperature visible emission was observed at currents as low as 10-20 nA, with the corresponding diode voltage of ϳ2.4 V. The light intensity dependence on applied voltage is similar to that of the medium-voltage current component, while the low-voltage component seems to be a nonradiative one. Evolution of the low-temperature EL spectra is shown in Figs. 2͑b͒ and 2͑d͒ . A considerable ''blue'' shift of a sharp short-wavelength edge of the emission band can be observed. At room temperature, in addition to the emission peak shift, a separate short-wavelength peak at ϳ3.2 eV appears at voltages exceeding ϳ3.3 V. The latter is obviously associated with interband transitions in the InGaN active region and is much weaker in the newer generation LEDs that contain a higher concentration of Zn in the active region.
14 A large EL spectral bandwidth is related to strong lattice coupling of the Zn state both in GaN ͑Ref. 8͒ and in InGaN. 2, 6 As noted previously, 2,15 the temperature-independent slope of I -V curves in the semilogarithmic plot suggests the involvement of tunneling transport across the junction, and associated impurity-level radiation emission is an evidence of tunneling to those levels. Such a mechanism of ''excess current'' was considered by Morgan 16 in heavily doped junctions, where the bias-dependent shift of the emission peak is usually observed. The process may occur in the space-charge region of the junction through one or several intermediate ͑deep-center͒ states. On the base of tunneling probability cal- culations, the forward-bias excess current involving deep levels was obtained in the following form:
where ␥ ͑Ϸ0.5͒ is a parameter dependent on carrier effective masses, U 0 is the built-in potential barrier height, and E is a bias-dependent characteristic tunneling energy, associated with the electric field in the junction. In a simplified case of an asymmetric step junction the current ͑2͒ may be expressed in the same manner as ͑1͒, namely,
where E T is a characteristic energy constant,
with N I , the ionized impurity concentration; ⑀ r , the static dielectric constant: ⑀ 0 , the vacuum permittivity; and m T , the tunneling effective mass. The latter is the reduced effective mass of light holes and electrons for an interband ͑diagonal͒ tunneling or the effective mass of a specific type of carriers for deep-level tunneling. The expressions ͑3͒ and ͑4͒ are similar to those given in Refs. 17-19 for the diagonal tunneling across an abrupt junction. Assuming N I ϭ10 18 cm
Ϫ3
, ⑀ r ϭ10, and m T ϭ0.27m 0 , we can reproduce the experimental value of E 1 ϭ180 meV. Hence, the lowvoltage current component can be explained by tunneling of electrons to deep levels on the p side of the junction. We tentatively interpret the medium-voltage current component ͑with E 2 between 50 and 90 meV͒ as associated with hole tunneling into the InGaN active layer, which leads to radiative recombination. Indeed, using m T ϭ0.8m 0 ͑hole mass͒, we obtain from Eq. ͑4͒ E T ϭ100 meV, which qualitatively agrees with our experimental results.
In conclusion, we have studied the electrical and optical characteristics of Nichia AlGaN/InGaN/GaN doubleheterostructure LEDs in a wide range of temperatures and currents. We observed that the dominant mechanism of carrier transport across the junction is tunneling. The current component appearing above 10 A at RT gives rise to blue light emission via Zn-related levels. We observed significant wavelength shifts of the optical emission, consistent with the tunneling character of electrical characteristics. We did not observe a complete freeze-out of carriers even at the lowest temperatures ͑9 K͒.
